The Cu 2 O-based photocathode is considered as one of the most promising photocathodes for high performance water splitting under sunlight. However, the relatively negative onset potential for H 2 production of these photocathodes impedes further optimization of the solar-to-fuel conversion efficiency. 
In recent decades, the booming energy demand in modern industrial development has speeded up the consumption of conventional energy sources such as coal and oil; thus, the usage of clean and renewable energy sources to avoid energy shortages and serious environmental concerns associated with fossil fuel combustion have gained extensive attention. Hydrogen is considered to be an environmentally friendly fuel for the future, and the photoelectrochemical (PEC) water splitting system provides a promising process to produce hydrogen from water by sustainable solar energy at the semiconductor/electrolyte interface. [1] [2] [3] [4] [5] [6] [7] [8] [9] Although considerable research into solar water splitting has been developed within the past decade, the construction of stable and efficient photoelectrodes to achieve a solar-to-hydrogen (STH) conversion efficiency of more than 10% required for practical applications is still challenging. [10] [11] [12] [13] [14] [15] In this view, the use of a single photoanode in tandem with a single photocathode to achieve a more efficient PEC system without the need for external voltage is strongly desired. However, the STH conversion efficiency of this kind of tandem cell is still not high (below 0.5%), [16] [17] [18] [19] [20] [21] which can be mainly attributed to the small photovoltages, resulting in large external voltage to drive the water splitting reaction on the electrodes. Therefore, developing highly active photoelectrodes working with small applied voltage for efficient PEC water splitting is desired.
One of the materials of choice is Cu 2 O, a p-type semiconductor with a direct band gap of 2.0 eV, which can function as a photocathode that enables effective utilization of solar photons. The theoretical maximum STH conversion efficiency of 18.1% and the corresponding photocurrent of À14.7 mA cm À2 based on the air mass 1.5 global (AM 1.5G) spectrum make it a very promising semiconductor for hydrogen production. 9 
Cocatalyst deposition
Platinum nanoparticles were deposited on the surface of the protective layer/Cu 2 O samples by ion-beam sputtering of a Pt target to enhance the kinetics of the hydrogen production reaction. The chamber pressure was evacuated to 4 Â 10 À5 Pa before sputtering and, the substrate holder was at a distance of 22 cm from the Pt target. The Ar flow was adjusted to get a gas pressure of 3 Â 10 À2 Pa. The Ar ion beam had an energy of 1.5 keV and a diameter of 30 mm. The thickness of the Pt layer was monitored using a quartz crystal monitor and a thickness of 1 nm (nominally) was obtained after sputtering.
PEC measurements
The PEC performance of the protective layer/Cu 2 O electrodes was performed in a three-electrode configuration using a Ag/AgCl reference electrode and a Pt wire counter electrode. The electrolyte was a 0. 
Structural characterization
The morphology of the samples was characterized using a fieldemission scanning electron microscope (JEOL JSM 7600FA). The X-ray diffraction (XRD) patterns were determined using a diffractometer (SmartLab, Rigaku Co. Ltd, Japan) with Cu Ka radiation (1.540598 Å). XPS data were collected using a PHI 5000 VersaProbe (ULVAC-PHI) with an Al Ka X-ray source (1486.6 eV). The UV-vis diffuse reflectance spectra were using with a spectrophotometer equipped with an integrating sphere (DRS, V-560, Jasco). The structure of the sample was also identified by scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy (EDS), with a JEM-2800, JEOL. The cross section was prepared by focused ion beam using an FIB-SEM (JIB-4600F, JEOL) and subsequent milling in a NanoMill 1040, E.A. Fischione Instruments.
Results and discussion
Characterization of the TiO 2 /Ga 2 O 3 /Cu 2 O structures Cu 2 O microcrystalline films were prepared on Cu foil by a twostep fabrication method, as reported previously. 30 The Cu(OH) 2 nanowires were used as a template for growth of highly photo- compared to the photocurrent obtained with the 120 1C-deposited electrode, respectively. Moreover, the onset voltage of the electrodes shifts positively with increasing TiO 2 deposition temperature, so that an extremely positive onset potential of around 1 V vs. RHE was achieved with the samples prepared at 180 and 220 1C. The pronounced photocathodic current and the positive onset potential can contribute to the improvement of the overall efficiency, which will be presented and discussed later in accordance with the data obtained under AM 1.5G illumination. The enhancement in both the photocurrent and the onset potential is most likely related to improved crystallinity of TiO 2 and alignment of the energy bands occurring at higher TiO 2 deposition temperatures. When the temperature increased to 260 1C, a dramatic decrease in the photocurrent was observed.
To further clarify the high PEC performance achieved for the TiO 2 deposition temperature of 220 1C, the line profiles for Ti, Fig. 3b . The photocathodes fabricated with TiO 2 deposition temperatures of 120, 150, and 180 1C maintained a highly stable photocurrent for 2 h, during which the fluctuation in the photocurrent was caused by the formation and detachment of H 2 bubbles, as presented in Fig. S8b and c (ESI †) . The SEM characterization for the 180 1C-deposited sample after a 2 h stability test indicates that no obvious morphology change occured during the stability test (Fig. S9, ESI †) . Furthermore, the presence of Ti and Pt peaks and the absence of Ga peaks in the XPS spectrum reveal that the photocathode is stable against corrosion in the electrolyte, as shown in Fig. S9e (ESI †) . For the 220 1C-deposited electrode, the 
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sample showed a large photocurrent, but the current decreased slowly with time. After the 2 h test and a following short rest, 60% of the initial photocurrent was obtained. With the deposition temperature of 260 1C, the photocurrent was low and could only be maintained for about 50 min, the photocathode losing its activity after one-hour stability test. The decay of the photocurrent for the electrodes prepared above 220 1C may be attributed to the degradation of the TiO 2 layer and/or the detachment of Pt owing to H 2 bubble generation during the stability test. 9, 24, 25 The wavelength dependency of the incident photon-tocurrent conversion efficiency (IPCE) for Pt/TiO 2 /Ga 2 O 3 /Cu 2 O electrodes with different TiO 2 deposition temperatures are shown in Fig. 3c . The 220 1C-deposited sample exhibited the highest IPCE among the samples. At 0 V vs. RHE, the IPCEs for the Pt/TiO 2 (220 1C)/Ga 2 O 3 /Cu 2 O electrode were above 36% in the 350-450 nm range. The maximum IPCE achieved was 46.9% at 400 nm. By decreasing the TiO 2 deposition temperature, the IPCE decreased correspondingly. Notably, at wavelengths below 450 nm, the electrodes with the TiO 2 deposition temperature equal to or lower than 180 1C showed much lower efficiency than the 220 1C-deposited one. The wavelength dependence of IPCE for the electrodes was not consistent with the absorbance spectrum of the samples (Fig. S7, ESI †) . This may be ascribed to the complexity of the transport of photocarriers through the multilayers in this structure since the improvement in the conversion efficiency is dependent on not only the absorption of the incident photons but also the transmission of photocarriers to reach the surface for the chemical reaction. One possible reason for the efficiency loss with the TiO 2 layer prepared under the low temperatures is the low crystallinity and defective interfaces at the buffer layer interface resulting in high recombination rates. In contrast to the high IPCEs for the 220 1C-deposited sample, the IPCEs for the sample prepared at 260 1C were very low. The low performance can be attributed to the degradation of the Ga 2 O 3 /Cu 2 O interface due to the overdiffusion of Ga into Cu 2 O. The wavelength dependence of IPCE at different potentials (from 0.0 to 0.5 V vs. RHE) for the 220 1C-deposited sample was also investigated (Fig. 3d) . The result indicates that even at the low applied potential of 0.5 V vs. RHE, the IPCEs are still relatively high, which is consistent with the high photocurrent at low potential presented in the currentpotential curve.
The PEC water splitting properties of the photocathodes under AM 1.5G-simulated sunlight (100 mW cm 
Band alignments of heterojunctions
To investigate the effect of the buffer layers on the performance of Cu 2 O-based photocathodes, the band alignment of the buffer layer/Cu 2 O interface was calculated by photoelectron spectroscopy according to the method outlined by Waldrop et al. 
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The offset of E CBM between Cu 2 O and Ga 2 O 3 was determined to be in the range between À0.37 and +0.01 eV (Fig. S2, ESI † To confirm this result, the same photoelectron spectroscopy method was used to characterize the band alignment between ZnO/Cu 2 O interface. The ZnO/Cu 2 O heterojuntion actually possesses a large conduction band offset in the range from À1.56 to À1.42 eV (Fig. S12 , ESI †), similar to previous reports. [36] [37] [38] Moreover, the TiO 2 /ZnO/Cu 2 O electrode prepared with a TiO 2 deposition temperature of 220 1C shows a decreased photocurrent. This is due to the overdiffusion of ions at the buffer layer/Cu 2 O interface, similar to the case of TiO 2 /Ga 2 O 3 /Cu 2 O treated at 260 1C. In conclusion, the Ga 2 O 3 thin layer, owing to its high thermal resistance, worked as a suitable buffer layer to grow TiO 2 layers with improved quality. Thus the obtained large energy gap between the p-type absorber and the n-type overlayers inhibits the interface recombination and provides a large driving force for the transport of photogenerated electrons in the photocathode, resulting in efficient H 2 reduction on the surface with the assistance of the Pt co-catalyst.
Conclusions
We 
